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Background: Preventing interbowel adhesions still remains a challenge. Peritoneal meso-
thelial damage can induce postoperative adhesions. Our study evaluated the effects of 3%
trehalose solution on mesothelial protection and adhesion prevention. Also, we compared
this novel solution with Seprafilm regarding efficacy.
Methods: Mesothelial damage was induced on the cultured human mesothelial cell (Met-5A)
and rabbit cecum-serosal surfacebyair-drying for 60min, and trehalose solutionwasapplied.
Cell integrity was tested by measuring lactate dehydrogenase, and serosal-morphologic
changes were analyzed using scanning electron microscopy. Intra-abdominal adhesions
were induced in rabbits by the combination of abrasion and air-drying procedures. Animals
were divided into four groups: control, 3% trehalose solution, Seprafilm, and 3% trehalose
solution with Seprafilm. Adhesions were evaluated blindly 7 d later.
Results: Lactate dehydrogenase release from the Met-5A cells was reduced dose-
dependently by trehalose (P < 0.05). Morphologic studies clearly showed that mesothelial
cells on the serosal surface were kept intact by 3% trehalose solution. In a rabbit adhesion
model, 3% trehalose solution reduced adhesions between bowel and bowel or bowel and
surrounding structures (P < 0.01 versus control and Seprafilm). Seprafilm reduced adhe-
sions between abdominal wall and underlying viscera (P < 0.01 versus control and 3%
trehalose solution). Three-percent trehalose solution with Seprafilm showed additive ef-
fects of adhesion prevention, reducing adhesion formation at the previously mentioned
sites.
Conclusions: Three-percent trehalose solution protects mesothelial cells and leads to
reduced adhesions between bowel and bowel or bowel and surrounding structures. This
effect seems to be resulted from the characteristics of the solution covering most areas that
potentially develop adhesions.
ª 2014 The Authors. Published by Elsevier Inc. All rights reserved.CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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high as 93% [1], occurring at one to 10 sites or more in the
abdominal cavity of the patient after surgery [2]. Postoperative
adhesions can cause small bowel obstruction, female infer-
tility, and chronic pain and complicate a resurgery [3]. Small
bowel obstruction, the most severe consequence of adhesion,
is associated with mortality rates ranging from 3%e30% [4].
Seprafilm, a resorbable physical barrier device, is most
commonly used because it has established evidence for
reducing adhesions by separating obviously traumatized tis-
sues apart,mainly under themidline incision [5,6]; however, its
action is limited only to the sitewhere it is placed [7e9]. Clinical
trials have shown that Seprafilm does not reduce the incidence
of small bowel obstruction associated with the adhesion site
between the bowel and the bowel (interbowel) [5,10]. The pre-
vention of interbowel adhesions remains an ongoing challenge
with no product available that is particularly effective.
The abdominal cavity is covered with the serosal mem-
brane,which comprises a single layer ofmesothelial cells with
well-developed microvilli that are supported by the basement
membrane [11]. The mesothelium is very fragile, and meso-
thelial cells are easily damaged by various events including
incision, resection, cauterization, drying (desiccation), or
abrasion [12e14]. Mesothelial damage leads to potential
adhesion formation [15,16]. Experimental studies have
demonstrated that mesothelial damage induced by air-drying
causes adhesion formation [17,18].
Trehalose (a,a-trehalose) is a nonreducing disaccharide
composed of two D-glucopyranose units with an a(1/1)a-
linkage. The physicochemical uniqueness of trehalose origi-
nates from the presence of the a,a-1,1-linkage, which brings
about the rigid conformation and clamshell shape. Because of
this conformational rigidity, trehalose acts as a substitute for
water molecules (in particular by forming hydrogen bonds)
around the polar and charged groups present in phospholipid
bilayers. It is well known that trehalose pretreatment can
stabilize and protect artificial phospholipid bilayer structures
exposed to damaging conditions [19e21]. Therefore, we hy-
pothesized that if trehalose acts to protect the mesothelial
cells, it might ultimately prevent adhesion formation.
The aim of this study was to assess the effects of trehalose
on the protection of mesothelial cells after air-drying induced
cell damage. In addition, we evaluated the effectiveness of
trehalose solution in preventing postoperative adhesions in a
rabbit adhesion model. A main advantage of the trehalose
solution is that it can be instilled into the narrow space and
easily cover wider areas that potentially develop adhesions.
Hence, we compared the efficacy of trehalose solution with
that of Seprafilm.2. Materials and methods
2.1. Description of trehalose solution
Trehalose (C11H22O11$2H2O, MW: 378.33) was purchased from
Hayashibara Biochemical Laboratories, Inc (Okayama, Japan);(0.2 g/L of calcium chloride hydrate, 0.3 g/L of potassium
chloride, 6.0 g/L of sodium chloride, and 3.1 g/L of sodium
lactate) were prepared. These solutions were autoclaved and
used in a sterile manner.
2.2. Air-drying induced damage in cultured human
mesothelial cells
Human mesothelial cells (Met-5A cells, CRL-9444) were pur-
chased from American Type Culture Collection (Manassas,
VA). The Met-5A cells were maintained in Medium 199 sup-
plemented with 2 ng/mL of epidermal growth factor, 10 units/
mL of penicillin, 10 mg/mL of streptomycin, 20 mM of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 5 mg/mL of
insulin, 145 ng/mL of hydrocortisone, 3.87 mg/mL of selenous
acid, and 10% fetal bovine serum.
Cells were seeded at a density of 0.8 105 cells per well in a
collagen I coating 24-well culture plate (Nippon Becton Dick-
inson Company, Ltd, Tokyo, Japan) and cultured for 2 d. The
cells that formed five to seven passages were used in the ex-
periments. After the cells were rinsed with phosphate-
buffered saline, they were damaged by being exposed to air
for 60 min. After exposure, a trehalose solution (0.5%e5%) or
lactated Ringer solution was applied to the cells, and cell
membrane integrity (release of lactate dehydrogenase [LDH]
from the damaged cell membrane) was measured immedi-
ately by using a Cytotoxicity Detection KitPLUS (LDH; Roche
Diagnostics K. K., Tokyo, Japan). LDH activity was calculated
as a percentage of maximum LDH activity.
2.3. Animals
Female New Zealand white rabbits were purchased from
Kitayama Labes, Co Ltd (Nagano, Japan) and Japan SLC, Inc
(Shizuoka, Japan). The animals were housed under laboratory
conditions (temperature, 23  3C; humidity, 55  15%; 12-h
lightedark cycle) and fed a standard laboratory diet and
water ad libitum. The experimental procedures involved in this
animal studywere approved by each of the Committees on the
Care and Use of Laboratory Animals of Otsuka Pharmaceutical
Factory, Inc (Tokushima, Japan), Hatano Research Institute,
Food and Drug Safety Center (Kanagawa, Japan), and Nihon
Bioresearch Inc (Gifu, Japan).
2.4. Air-drying induced damage in mesothelial cells on
the rabbit cecum-serosal surface
This experimental model was prepared by modifying Ryan
model [17,18]. Rabbits (aged 11 wk, 1.4e2.4 kg) were anes-
thetized by intramuscular injection with a mixture of
55 mg/kg of ketamine hydrochloride and 5 mg/kg of xylazine
hydrochloride. After the animals were prepared for sterile
surgery, a long midline incision was made. After the incised
part was held with a wound retractor, the cecum surface was
damaged by being exposed to air for 60 min. After exposure,
20 mL of the 3% trehalose solution or lactated Ringer solution
was applied to the damaged cecum surface and allowed it to
stand for a minute (n ¼ 8 animals per group). Then, 0.1-M
Fig. 1 e The cytoprotective effects of trehalose solution on
cultured human mesothelial cells (Met-5A). The MeT-5A
cells were damaged by being exposed to air for 60 min.
After exposure, different concentrations of trehalose in
lactated Ringer solution were applied to the cells, and LDH
released from the damaged cells was measured
immediately. Data were collected from three independent
experiments and are expressed as mean ± standard
deviation. Statistical analysis was performed with a
Williams test. *P< 0.05.
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aldehydewas immediately dripped over the cecum surface for
fixing. At 24 h after resection and fixation, three specimens
were (10 8mmper specimen) obtained from the fixed cecum
and rinsed with 0.1-M phosphate buffer and postfixed with
0.1-M phosphate buffered 2% osmium tetroxide. After dehy-
drated in graded ethanol, the specimens were impregnated in
t-butyl alcohol and freeze-dried. Finally, the dried specimens
were mounted on stubs and sputter-coated with gold-
palladium (98:2). The serosal surface of each specimen was
examined for morphologic changes in mesothelial cells, and
10 randomfields per specimenwere capturedwith an S-3500N
scanning electron microscope (Hitachi, Ltd, Tokyo, Japan).
The area ratio of mesothelial damage, mesothelial cell
exfoliation from the basement membrane, and/or microvilli
disappearance was measured by using the image analysis
system (WinRoof version 7.0 [Mitani Co, Tokyo, Japan]) based
on the 30 pictures (per animal) of scanning electron micro-
graph [22,23].
2.5. Combination of abrasion and air-dry procedures
induced intra-abdominal adhesion in rabbits
Rabbits (aged 11e12 wk, 2.1e2.5 kg) were anesthetized in the
same way as described previously. After the animals were
prepared for sterile surgery, a longmidline incisionwasmade.
Both sides of the cecum haustral except the appendico were
abraded with 10 strokes of an artist’s brush, which was made
of hog hair (BX-20; Holbein Art Material Inc, Osaka, Japan). The
colon (the spiral ansa of the colon and the teniae coli) was
abraded with five strokes of a No. 21 scalpel blade. The peri-
toneum of the ventral abdominal wall was traumatized by
abrasion with 20 strokes of a scalpel blade. After the abrasion
procedures (direct mesothelial damage induced by touched
means), the organs, including the small intestine, were
exposed to air for 60 min (indirect mesothelial damage
induced by untouched means). The organs were returned to
their normal anatomical positions, and then the abdomen
was closed. The animals were randomized and divided into
the following four groups (n¼ 30 animals per group): operative
control group, intraperitoneal administration of 3% trehalose
solution group, insertion of Seprafilm group, and application
of 3% trehalose solution in combination with Seprafilm group.
Before abdominal closure, the 3% trehalose solution (40 mL
per body) was instilled into the abdominal cavity and removed
by aspiration after 30 s. Seprafilm (Genzyme Corporation,
Cambridge, MA) was inserted between the abdominal wall
including the midline incision and the underlying viscera
(12.7  7.35 cm per sheet). The operative control animals did
not receive the 3% trehalose solution or Seprafilm. After sur-
gery, all animals received an analgesic (0.01 mg/kg of bupre-
norphine) and an antibiotic (5 mg/kg of enrofloxacin); this
procedure was repeated 24 and 48 h later.
At 7 d after surgery, the animals were sacrificed, and ad-
hesions were assessed in a blind manner. Adhesions were
evaluated by dividing them into two categories by abdominal
region: (1) adhesions between the bowel and the bowel or the
bowel and the surrounding structures and (2) adhesions be-
tween the abdominal wall and the underlying viscera. The
number of each adhesion site in the abdominal cavity wascounted, and the adhesion length wasmeasured. The number
and length of adhesions were represented by the sum of the
data obtained from individual animals. Mean values of these
data were compared between the groups.
2.6. Statistical analyses
Data are expressed as mean  standard deviation. Statistical
analysis was performed with a Williams test, unpaired t-test,
or TukeyeKramer test. A P value <0.05 was considered sta-
tistically significant. Statistical analyses were performed by
using SAS 9.1.3 software (SAS Institute Japan, Tokyo, Japan).3. Results
3.1. The cytoprotective effects of trehalose solution on
cultured human mesothelial cells
Trehalose significantly reduced LDH release from the Met-5A
cells in a dose-dependent manner after the air-drying proce-
dure induced cell damage (P < 0.05, Fig. 1). However, the 0.5%
trehalose solution had no effect as compared with lactated
Ringer solution.
3.2. Effect of 3% trehalose solution on protection of
mesothelial cells on the rabbit serosal surface
Scanning electron microscopy examination clearly showed
the alterations of the serosal surface. The normal serosal
surface was covered by a continuous layer of mesothelium
with dense slender microvilli, and no basement membrane
was visible (Fig. 2A). After being exposed to air for 60 min, the
mesothelial cells were exfoliated from the basement mem-
brane (Fig. 2B). Similar findings were also seen in the lactated
Ringer solution group (Fig. 2C), whereas these changes were
Fig. 2 e Scanning electron micrograph of the rabbit cecum-serosal surface. (A) Normal serosa; (B) mesothelial cells on the
serosal surface damaged by being exposed to air for 60 min; (C) administration of lactated Ringer solution after air exposure
for 60 min; and (D) administration of 3% trehalose solution after air exposure for 60 min. A white triangle indicates the
exfoliation of mesothelial cells from the basement membrane and/or disappearance of microvilli. Scale bars: 500 mm (3100).
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Figure 3 shows the area ratio of mesothelial damage analyzed
by the image analysis system. The 3% trehalose solutionFig. 3 e Effects of 3% trehalose solution on the protection of
mesothelial cells on the serosal surface. The area ratio of
mesothelial damage, mesothelial cell exfoliation from the
basement membrane, and/or microvilli disappearance was
measured with 30 pictures per animal of scanning electron
micrograph using the image analysis system. Results are
expressed as mean ± standard deviation (n [ 8 animals
per group). Statistical analysis was performed with an
unpaired t-test. *P< 0.05.significantly reduced the exfoliation of mesothelial cells from
the basement membrane and/or disappearance of microvilli,
as compared with lactated Ringer solution.3.3. Effects of 3% trehalose solution and Seprafilm on
adhesions
The surgical procedures and administration of the 3% treha-
lose solutionwerewell tolerated by the animals. Themortality
rate was approximately 10% across all groups. In this model,
adhesion formation was extensively observed in the intra-
abdominal organs (Fig. 4).
Regarding adhesions between the bowel and the bowel or
the bowel and the surrounding structures, significant re-
ductions were observed in adhesion number and length:
70% and 61% for the 3% trehalose solution group (P < 0.01),
70% and 63% for the combination group (P < 0.01), as
compared with the control group (Fig. 5). Regarding the
adhesions between the abdominal wall and the underlying
viscera, significant reductions were observed in adhesion
number and length: 79% and 90% for the Seprafilm group
(P < 0.01), 90% and 95% for the combination group (P < 0.01),
as compared with the control group. The 3% trehalose so-
lution was most effective in reducing adhesions between
the bowel and the bowel or the bowel and the surrounding
structures (P < 0.01 versus Seprafilm), whereas Seprafilm
was effective in reducing adhesions between the abdominal
wall and the underlying viscera (P < 0.01 versus 3% trehalose
solution).
Fig. 4 e Macroscopic appearances of adhesions 7 d after surgery. In the operative control group, adhesion formation was
extensively observed in the intra-abdominal organs (arrowhead). (A) Adhesions formed at the greater omentum and the
cecum; (B) the cecum and the small intestine (B); (C and D) the small intestine and small intestine, (E) the small intestine and
the retroperitoneal fat, and (F) the abdominal wall and the cecum. (Color version of figure is available online.)
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Mesothelial damage leads to potential adhesion formation
[15,16]. The prevention of interbowel adhesions remains anFig. 5 e Effects of 3% trehalose solution and Seprafilm on the n
operative control (group 1, n[ 25), administration of 3% trehalos
n [ 26), application of 3% trehalose in combination with Sepra
mean ± standard deviation. Statistical analyses were performed
different groups. *P< 0.01 versus group 1, #P< 0.01.ongoing challenge with no product available that is particu-
larly effective. Hence, we focused on strategies to prevent ad-
hesions by protecting mesothelial cells. This is the first report
to demonstrate that the 3% trehalose solution protects meso-
thelial cells against damage induced by air-drying and reducesumber and length of adhesions 7 d after surgery. The
e solution (group 2, n[ 27), insertion of Seprafilm (group 3,
film (group 4, n [ 29). Results are expressed as
with a Steel-Dwass test or TukeyeKramer test among the
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the surrounding structures in a rabbit adhesion model.
This study showed that exposing the serosal surface to air
for 60 min resulted in severe mesothelial damage; scanning
electron microscopy examination showed that the mesothe-
lial cells were exfoliated from the basement membrane. Our
results are supported by previous rat studies indicating that
mild air-drying is sufficient to induce damage in the meso-
thelium [17,18]. Trehalose pretreatment is known to exert
protective effects on artificial phospholipid bilayer structures
exposed to damaging conditions [19e21]. However, the pre-
sent study demonstrated that trehalose solution with a con-
centration of 1% significantly decreased LDH release from
humanmesothelial cells after the air-drying procedure. Based
on the osmolarity of trehalose solution with electrolytes and
the in vitro study results, a concentration of 3% trehalose was
selected and used for subsequent experiments conducted. In
morphologic studies, the 3% trehalose solution clearly allevi-
ated the exfoliation of mesothelial cells from the basement
membrane and/or disappearance of microvilli after air expo-
sure. These results suggest that the 3% trehalose solution is
effective in protecting the mesothelial cells. Further studies
are needed to clarify the mechanism how trehalose protects
damaged mesothelial cells.
Adhesion induction methods in animal experiments
mostly depend on injuring visceral and/or parietal peritoneal
surfaces. The method of injury usually comprises a combi-
nation of mechanical abrasion with an artist’s brush or a
scalpel blade [24e26]. Combining the abrasion and air-drying
procedures used in our rabbit adhesion model is an effective
method of inducing adhesion formation. By using this
method, adhesions were extensively formed not only at the
site of direct mesothelial damage from abrasion (Fig. 4F) but
also at sites of indirect mesothelial damage from air-drying
(Fig. 4C,D,E).
Generally, four criteria have been used to evaluate exper-
imental adhesions: incidence, number, extent (area), and
severity (tenacity). The number of adhesions was selected as
the primary endpoint because it is an indicator with objective
accuracy and can be measuredmost simply among all criteria
mentioned previously. Because more than one type of adhe-
sions (band or matted) were observed in our study with this
model, an accurate measurement of the extent of adhesions
was difficult, we assessed the length of adhesions.
The results demonstrated that the 3% trehalose solution
significantly reduced the number and length of adhesions
between the bowel and the bowel, or the bowel and the sur-
rounding structures, as compared with the control. This
finding is very crucial because the interbowel adhesions are at
high risk of small bowel obstruction [5,10]. Additionally,
adhesion reducing effects of the 3% trehalose solution against
interbowel adhesions appeared to be superior to those of
Seprafilm. The difference in the efficacies of the 3% trehalose
solution and Seprafilm is presumably related to the solution’s
characteristics and ability to coverwider areas that potentially
develop adhesions. Seprafilm is effective in reducing adhe-
sions by separating obviously traumatized tissues apart,
mainly under the midline incision. However, it is difficult to
prevent adhesions that can be formed throughout the
abdominal cavity using Seprafilm because its action is limitedonly to the site where it is placed [7e9]. Moreover, likely sites
for adhesion formation cannot always be accurately pre-
dicted,making it difficult for surgeons to completely eliminate
adhesions using site-specific physical barrier devices. Thus,
our finding shows a very important advantage of the 3%
trehalose solution.
Limitations were found in the effect of 3% trehalose solu-
tion. Our results indicated that the 3% trehalose solution did
not reduce adhesions formed between the abdominal wall
and the underlying viscera. In this rabbit adhesion model,
adhesions were grouped into those formed between abraded
and abraded sites (Fig. 4F), abraded and non-abraded sites
(Fig. 4A and B), and non-abraded and non-abraded sites
(Fig. 4C,D,E). Adhesions between the abdominal wall and the
underlying viscera correspond to the abraded and abraded
sites and mesothelial cells were completely exfoliated from
the serosal surface. Therefore, it is considered that the 3%
trehalose solution did not reduce the adhesions at the previ-
ously mentioned site based on the mechanism of action of
trehalose (protecting the mesothelial cells).
The new approach of adhesion prophylaxis would be to
improve the effectiveness of preventing adhesions. The re-
sults of our study suggest that the 3% trehalose solution
in combination with Seprafilm shows additive effects of
adhesion prevention. Perhaps a combination of these two
approaches, widely protecting the mesothelial cells and site-
specific physical barrier, may prove more effective than
either approach alone in the prevention of adhesions in the
clinical setting.
Postoperative intra-abdominal infection and anastomotic
leak are serious complications of abdominal surgery. No
complications from the application of the 3% trehalose solu-
tion were observed in this study. Tanaka et al. [27] have shown
that trehalose did not adversely affect the cellular and mo-
lecular functions of human polymorphonuclear neutrophils
in a bacterial infection model. Based on all results thus far,
trehalose appears to be well tolerated and to not cause any
systemic adverse effects in clinical use.5. Conclusions
Our results indicate that the 3% trehalose solution protects
mesothelial cells from air-drying induced cell damage and
leads to reduced adhesions between the bowel and the bowel
or the bowel and the surrounding structures. This effect
seems to be resulted from the characteristics of the trehalose
solution covering most areas that potentially develop adhe-
sions. Combined use of the trehalose solution and physical
barrier devices may be more effective in the prevention of
adhesions in the clinical setting.Acknowledgment
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